ABSTRACT
INTRODUCTION
From the data obtained by sequencing many different prokaryotic genomes it has been inferred that horizontal gene transfer (HGT) contributed considerably to the shape and evolution of microbial genomes. Currently, the estimates of percentages of putatively horizontally acquired DNA range from 0.5% in the endocellular symbiont Buchnera sp. APS genome to 25% in the Methanosarcina acetivorans genome, with an average of 14% in 116 prokaryotic genomes (Nakamura et al., 2004) .
This genomic patchwork is clearly visible in the amount of genomic islands (GIs) detected in microbial genomes (Mantri and Williams, 2004) . Initially, acquisition of GIs were linked with gain in virulence in pathogenic bacteria. While more genome sequences of environmental strains are becoming available, an increasing variety of acquired gene clusters providing diverse metabolic capacities are being discovered in these non-pathogenic strains, emphasizing * To whom correspondence should be addressed.
that lateral genetic transfer is not limited to virulence traits (Dobrindt et al., 2004) .
GIs can be recognized by their composition with regard to codon usage and GC-content, they being different from that of their host's genome. It is of note however, that not all aDNA in a genome is necessarily horizontally transferred. Ribosomal gene clusters are known to be compositionally dissimilar from the rest of the genome. On the other hand, a sequence horizontally acquired from a donor with a genome compositionally similar to that of the recipient's genome will most probably not be anomalous in composition in the host's genome. In addition, sequences which have been horizontally acquired might become less anomalous in composition over time owing to a process called amelioration (Lawrence and Ochman, 1997) . Hence, horizontally acquired DNA, which has been obtained relatively recently, will be more readily identified by their anomalous composition in the recipient's genome. However, the genomic context of aDNA may also aid in the identification of HGT. It has been previously indicated, that the location of GIs between mobile elements, such as phage sequences, and insertion sequences imply a heterologous origin (Blum et al., 1994; Hacker and Kaper, 2000; Karlin, 2001) . Nakamura et al. (2004) provided evidence that transferred genes are biased towards functional categories associated with the cell surface, pathogenicity and DNA-binding genes, although putative horizontally acquired sequences still contain many putative genes with unknown functions. Dobrindt et al. (2004) explain acquisition efficiency mainly in terms of fitness increase. Together, these findings imply that remarkable and diverse capacities are being transferred among micro-organisms, and this has generated great interest for HGT. However, the available databases and applications describing or identifying putative horizontally acquired sequences have focused exclusively on published genome sequences (Garcia-Vallve et al., 2003; Hsiao et al., 2003; Nakamura et al., 2004) , and although informative, they do not consider individual sequences which are still abundant in the public databases.
Besides whole-genome sequencing, alternative techniques are used in vitro to selectively isolate putative horizontally acquired sequences. These include subtractive hybridization, representational difference analysis and adaptor-linked PCR with endonucleases clustered specifically in compositionally atypical regions of the genome (Lisitsyn and Wigler, 1993; Straus and Ausubel, 1990; van Passel et al., 2004) . However, no dedicated tool is available to M.W.J.van Passel et al.
Fig. 1.
Adapted screenshots from δρ-web in black and white. (A) Graphical output of the genomic dissimilarity (δ * ) and GC-percentage scores of the locus encoding the NmeSI restriction modification system (Bart et al., 2001) , calculated against a representative genome sequence (N.meningitidis MC58). The selected genome sequence is divided into fragments of equal length as the input sequence. Next, the δ * (upper graph) or the GC-percentage (lower graph) values of all genomic fragments are plotted in a frequency distribution. The δ * value of the input sequence is then compared with the distribution of δ * values of the genomic fragments (vertical line). Both the value of δ * and the GC percentage are given in the respective graph, as well as the percentage of fragments with a lower δ * or GC percentage. (B) Visualization of the genome composition of N.meningitidis MC58 using a window size of 10 000 bp. Both the δ * values (top) and the GC percentage (bottom) distributions are shown, with the respective average in a horizontal line in each graph. The large islands of horizontal transfer (IHT-A, IHT-B and IHT-C) described by Tettelin et al. (2000) are indicated, as well as islands identified by Karlin (2001) and Garcia-Vallve et al. (2003) .
score individual sequences, isolated with these techniques, for their dinucleotide composition dissimilarities compared with a genome sequence, although for many of these putative horizontally transferred sequences a representative genome sequence (i.e. a genomic context) is available.
Our aim was to develop an application to score dinucleotide composition differences of individual sequence entries with a chosen representative host genome sequence.
METHODS
The approach is based on the dinucleotide relative abundance values or genome signature (ρ * XY ). As published previously by Karlin and Burge (1995) , each genome has its own typical dinucleotide frequency values, which are conserved between related species. Although the genome signature was found to be relatively constant in 50 kb windows (Karlin, 2001) , smaller windows can be used to identify anomalous sequences (van Passel et al., 2004) . This is carried out by calculating in a size-dependent manner the dinucleotide relative abundance difference between the input sequence and the selected representative genome sequence. In brief, the dinucleotide relative abundance values, ρ XY *, are defined as the frequency of the dinucleotide XY divided by the product of the background frequencies of the individual nucleotides in the combined sense and reverse complement sequence 
APPLICATION
We aimed to develop a tool that compares the dinucleotide composition of an input sequence with the composition of a selectable complete genome sequence, and can also handle batch comparisons. This application, δρ-web, first constructs a collection of genomic fragments identical to the input sequence length. For all these genomic fragments the δ * values are calculated and depicted in an empirical distribution. To avoid statistically irrelevant computations, we recommend the minimum length of an input sequence to be 1000 bp, allowing adequate dinucleotide counts per sequence. Even so, the maximum length of an input sequence should not exceed 20 000 bp, as longer sequences may not allow a genomic frequency distribution with ample genomic fragments; however, these cut-off sizes should be considered carefully in relation to the size of the genome in question. Next, the δ * value of the input sequence is compared with the distribution of δ * values of the genomic fragments, which puts the composition of the input sequence in a genomic context. As mentioned previously, because different species contain different amounts of horizontally acquired sequences, the threshold to consider DNA to be anomalous varies accordingly, and a conservative cut-off value is therefore advised. As an example, although Neisseria meningitidis MC58 is thought to contain over 20% of horizontally acquired DNA (Nakamura et al., 2004) , we used the conservative threshold of 10% in a previous study (van Passel et al., 2004) . However, as compositional dissimilarity is merely indicative for horizontal transfer, more evidence, such as phylogenetic validation or the presence of species specific motifs (such as, DNA uptake sequences) (Sandberg et al., 2001 ) is desirable to be able to make claims concerning a heterologous origin. To determine the probability that the genomic dissimilarity of the input sequence differs from the average genomic dissimilarity of the collection of genomic fragments, δρ-web compares δ * of the input sequence with the empirical distribution of δ * values of the genomic fragments. This empirical distribution is also graphically represented by δρ-web ( Figure 1A) . The position of δ * or the GC percentage of the input sequence in the plot of the distribution of genomic fragments can be expressed as the percentage of the genomic fragments which have a lower δ * value or a lower GC percentage. Fragments are scored anomalous if δ * has a high dissimilarity value compared with the genomic values (i.e. many genomic fragments have a lower δ * ), whereas the GC percentage may be either high or low compared with the genomic values. An extensive list of genomic fractions of horizontally acquired DNA is supplied by Nakamura et al. (2004) , which may be used to determine cut-off values for genomic composition dissimilarity values. However, the fractions of horizontally acquired DNA described by Nakamura et al. (2004) are based only on computational approaches, hence as long as further evidence is lacking the cut-off values based on these fractions should therefore be considered as arbitrary.
In addition, δρ-web allows whole-genome composition analysis with a selectable window size, to supply an alternative analysis based on both the GC composition and the genomic signature to visualize large anomalous gene clusters in a prokaryotic genome. This is performed by dividing the genome sequence in non-overlapping windows, after which the composition of the windows is compared with the composition of the complete genome. In Figure 1B not only the different large islands of horizontal transfer (IHTs) as annotated by Tettelin et al. (2000) are visible as both high δ * values and aberrant GC-percentage scored islands, but also smaller anomalous gene clusters are visible. The island designated B in Figure 1B was previously recognized by (Karlin, 2001) , whereas the island designated X was previously identified by Garcia-Vallve et al. (2003) .
In conclusion, δρ-web allows composition similarity scoring for individual prokaryotic sequence entries compared with a selected representative prokaryotic genome sequence, including a many-tomany interface as well as genome composition visualizations.
